As reliability based methods gain increased acceptance, there is greater opportunity to use scarce resources more efficiently while maintaining a prescribed level of reliability of a structure throughout its service life. The goal is to provide management decisions that will balance lifetime system reliability and expected lifecycle cost in an optimal manner. This study proposes a system reliability approach for optimizing the lifetime repair strategy for highway bridges. The approach is demonstrated using an existing Colorado State highway bridge. The bridge is modeled as a series-parallel combination of failure modes, and the reliability of the overall bridge system is computed using time-dependent deterioration models and live load models. Based on an estab lished repair criterion, available repair options, repair costs, and updating, the optimum lifetime repair strategy is developed. The sensitivity of the optimum strategy to changes in various problem parameters including the prescribed service life, system failure criterion, and net discount rate is studied. Finally, the conclusions reveal that the proposed approach demonstrates real potential for practical applications, needs frequent updates through inspection, and requires considerable research effort to develop accurate input data.
INTRODUCTION
Over the last decade, structural reliability based analysis and design methods have become widely accepted among re searchers and increasingly acknowledged among practicing engineers. As reliability concepts are better understood and more software is developed, reliability based applications are transitioning from simple, hypothetical examples using ficti tious data to more complex, practical, and realistic engineering problems. One area where structural optimization and system reliability methods show great promise is the management of decaying civil infrastructure systems. In countries with strong economies, the importance of life-cycle cost-effectiveness in the analysis of decisions related to the inspection, repair, up grading, replacement, and even shut down of existing con structed facilities is being increasingly recognized (Chang and Shinozuka 1996; Frangopol et al. 1998) . Reliability based methods provide the rational approach to use scarce resources efficiently while maintaining a prescribed level of reliability of a structure throughout its designated service life.
This study proposes a system reliability based approach for optimizing the lifetime repair strategy for highway bridges. The approach is demonstrated using an existing Colorado State highway bridge located in the Denver metropolitan area. The bridge is modeled as a series-parallel combination of failure modes and a computer program is used to calculate reliability of the bridge system. Time-dependent deterioration models that include corrosion of the bridge girders and chloride pen etration in the concrete deck are considered, along with a model that accounts for the increase in live load over time. A repair criterion is established where the bridge must be re paired whenever the reliability of the system falls below a prescribed target value. Various repair options and their asso ciated costs were developed in conjunction with the Colorado Department of Transportation. The optimum lifetime repair strategy is found by examining all feasible combinations of these options and considering the service life of the bridge.
The optimum repair strategy varies with the desired period of service life and is based on a number of assumptions. The strategy must be updated over time as the results of both bi ennial visual inspections and specific nondestructive evalua tion (NDE) testing become available.
METHODOLOGY
The general methodology for optimizing the bridge repair strategy consists of the following steps.
• Identify the relevant failure modes of the bridge. Decide which variables are random in nature and find the param eters (e.g., mean, standard deviation) associated with these random variables. Develop limit-state equations in terms of these random variables for each failure mode. Compute the reliability with respect to the occurrence of each pos sible failure mode.
• Develop a system model of the overall bridge as a seriesparallel combination of individual failure modes. Com pute the system reliability of the bridge.
• Develop deterioration and live-load models that describe how the structure and its environment are expected to change over time. This will inevitably introduce new ran dom variables. Compute the system reliability of the structure over time.
• Establish a repair or replacement criterion. Develop repair options and their associated costs.
• Using all feasible combinations of the repair options and the expected life of the structure, optimize the repair strat egy by minimizing total lifetime repair cost while main taining the prescribed level of reliability.
• Develop a lifetime inspection program to provide the nec essary information to update the optimum repair strategy over time.
This methodology is applicable to any type of bridge. It was applied to several truss bridges using hypothetical data (Estes 1997 ) with promising results. The methodology was then tested on an existing structure, specifically State Highway Bridge E-17-AH, located in Denver.
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FIG. 1. Colorado State Highway Bridge E-17-AH: (a) Elevation; (b) Cross Section
lanes of traffic in each direction with an average daily traffic of 8,500 vehicles. The roadway width is 12.18 m with 1.51 m pedestrian sidewalks and handrailing on each side. The bridge offers 6.8 m of clearance for the railroad spur that runs underneath. There is no skew or curvature. The slab is sup ported by nine standard-rolled, compact, noncomposite steel girders as shown in Fig. 1(b) . The girders are stiffened by end diaphragms and intermediate diaphragms at the third points. Each girder is supported at one end by a fixed bearing and an expansion bearing at the other end.
COMPONENT RELIABILITY
Colorado Bridge E-17-AH was analyzed with respect to the possible occurrence of 16 different failure modes, as listed in Table 1 . Each failure mode i is described by a limit state g(i) = 0, such that g(i) � 0 defines the failure state, and g(i) > 0 defines the safe state. The failure modes include moment fail- ure of the slab, moment and shear failure of the girders, and multiple failure modes of the pier cap, columns, and footings. Limit-state equations for all failure modes in terms of the ran dom variables were developed. The girders were classified as exterior [i.e., girders 1 and 9 in Fig. 1(b) ] that carry pedestrian traffic and emergency vehicle use, interior-exterior [i.e., gird ers 2 and 8 in Fig. 1(b) ] that act as exterior girders for normal traffic, and interior [i.e., girders 3 to 7 in Fig. 1(b) ]. Limitstate equations were developed separately for each type of girder. Prior to considering any deterioration, 24 random variables were identified that included material strength, model uncer tainty, girder distribution factors, and material dimensions that could not be directly measured. The parameters that define these random variables were taken from the existing literature. The notations used to define these random variables and their mean values and standard deviations are shown along with the pertinent references in Table 2 .
Limit-state equations that define the capacity minus demand for each of the 16 failure modes in Table 1 were developed in terms of the 24 random variables in Table 2 [for the details see Estes (1997) ]. The limit-state equation for the moment failure of the slab g(1) = 0, for example, is
The limit-state equations for shear g(2) = 0 and moment g(3) = 0 in the interior girders, respectively, are
The other limit-state equations for shear and moment in the other girders and for various failure modes in the substructure and bearings are given in Estes (1997) . Based on these limitstate equations, the reliability with respect to the occurrence of each possible failure mode was computed separately using a first-order reliability method approach. All random variables were transformed to uncorrelated standard normal variables and an iterative search technique was used to compute the reliability index �. The reliability index for each failure mode considered is indicated in Table 1 . The reliabilities shown in Table 1 are based on the projected 50-year live load model developed by Nowak (1993) . The choice of a live load model had a large effect on the reliability results. Considering, for example, the failure mode of an interior girder in flexure, g(3) = 0, the associated reliability index using the 50-year model (Nowak 1993) was � = 2.44. For the same failure mode, the reliability index was � = 4.00, using a deterministic HS-20 truck for the live load. Finally, using the 50-year live load from the model developed by Ghosn and Moses (1984) , the reliability index was � = 3.86 for low traffic volume and � = 3.56 for medium traffic volume. In addition, a complete sensitivity analysis was performed on all random variables used in the limit-state equations. The variables with the most effect on the reliability index were consistently the mean values of the material strengths and the model uncertainties, both of which appear on the capacity side of the limit-state equation. The sensitivity results help identify those variables for which further research would be the best investment. 
SYSTEM RELIABILITY
To compute the reliability of a system, there needs to be a model that describes the behavior of the system and the rela tionship of the individual components to the overall system. Considering all possible failure modes, the series-parallel model for Bridge E-17-AH is shown in Fig. 2 . In this figure, the failure functions g(i) associated with the individual failure modes correspond to the limit-state equations g(i) = 0, indi cated in Table 1 . For example, g(1) refers to failure of the concrete bridge deck that is shown in series in Fig. 2 . Because of the large end and center diaphragms in the superstructure, which will transfer load, it is assumed that the failure of any three adjacent girders is required for the superstructure to fail and that the concrete deck is identical throughout an individual span. Using the 50-year live load model (Nowak 1993) , as suming no deterioration of the structure over time, and con sidering no correlation between the resistances of the girders, the system reliability for the bridge was � sys = 2.51.
The bridge reliability was computed using RELSYS (RELiability of SYStems), a FORTRAN 77 computer program developed by Estes and Frangopol (1998) . RELSYS first com putes the reliability of all components in a series-parallel sys tem. The system is progressively reduced to equivalent com ponents until a single equivalent component remains. Series and parallel systems are solved separately and equivalent alpha vectors are used to account for the correlation between failure modes.
It is possible to simplify this model further by making some reasonable assumptions. Those failure modes with very high reliabilities (e.g., � i > 6.00), which contribute little to the re liability of the system, are eliminated. Further, if the spans are assumed to be perfectly correlated, and the symmetry within a span is considered, the system model can be reduced to the model shown in Fig. 3(a) , where any three adjacent girders must still fail for the system to fail. The girders are numbered 1-5 as shown in Fig. 1(b) . Using the simplified model in Fig.  3(a) without deterioration, the system reliability was equal to � sys = 2.54, which is very close to the reliability index � sys = 2.51 of the more complex model shown in Fig. 2 .
The system model and the correlation between random var iables will affect the overall bridge reliability. In the previous computation where � sys = 2.54, it was assumed that the girder resistances were uncorrelated, � R ,R = 0.0, where � R ,R is the
correlation coefficient between the resistance of girders i and j. Using the model in Fig. 3(a) , the system reliability was � sys = 2.49 when the resistance correlation was � R ,R = 0.5 and � sys i j = 2.31 when � R ,R = 1.0. The system failure event was changed i j as shown in Fig. 3(b) , where only any two adjacent girders need to fail for the system to fail, and in Fig. 3(c) , where only one girder must fail. The system reliability results for all three models shown in Fig. 3 are indicated in Table 3 . For the model in Fig. 3(c) , which is entirely a series system, the increased correlation between the resistances improves the system reliability. For the series-parallel system models in Figs. 3(a and b) , the increased correlation between the resis tances decreases the system reliability. When there is perfect correlation between the resistances, the three models produce very close results. The effects of correlation between other random variables on bridge system reliability could also be investigated along with other variations in the system model. Such analyses emphasize the importance of accurate input data for reliability computations. The results obtained are only as good as the parameters of the random variables, the correlation structure among variables, and the system model that produces them.
TIME EFFECT ON BRIDGE RELIABILITY
The reliability of a bridge is only valid for a specific point in time. The maximum value of the live load is expected to increase over time, and the bridge deteriorates through aging, increased use, and specific mechanisms such as fatigue and corrosion. This study considers only corrosion of the girders and chloride penetration of the concrete deck and pier cap as deterioration mechanisms.
The live load model used in this study (Nowak 1993 ) ac counts for the increased effects of maximum shear and mo ment as more trucks pass over the bridge. This model is based on statistics of extreme values where the probability of en countering a large truck at the extreme upper tail of the dis tribution increases as the number of trucks passing over the bridge increases. The load model uses the actual daily truck traffic, and the actual bridge span lengths to predict the max imum moment and shear effects over time in Bridge E-17-AH. The time-dependent mean maximum moment in the interior girders is shown in Fig. 4 . Similar graphs for mean maximum shear, and standard deviations of maximum moment and shear for all types of girders shown in Fig. 1(b) , were developed by Estes (1997) .
The corrosion of the girders was predicted using regression analysis of the field results in 46 locations. Based on these results a corrosion propagation model was developed that pre dicts the average corrosion penetration C(t) in micrometers (10 �6 m) at any time t (in years). The bridge girders are carbon steel. Because the interior girders are clearly corroding at a lesser rate than the exterior and interior-exterior girders, two environments were defined to account for the different ob served corrosion rates (i.e., Environment 1 corresponds to ex terior and interior-exterior girders, and Environment 2 corre sponds to interior girders). For each environment considered, the mean values, standard deviations, and correlation of ran dom variables used to predict corrosion are given in Estes (1997) .
The assumed corrosion pattern for the girders is shown in Fig. 5 , where the corrosion extends all the way up the web at the supports and only a quarter of the way up the web at the center. Because moment is critical at the center of the simple span, the deterioration of the plastic section modulus Z is com puted over time. This is shown in Fig. 6 for both the mean value Z and the standard deviation �(Z) of the plastic section modulus at the center of an interior-exterior girder over a 70 year time period. Similar graphs show the deterioration of the web area at the span supports where shear is critical (Estes 1997) .
Meanwhile, it is assumed that chlorides from road salts are penetrating the concrete of the deck and pier cap. Once the chlorides reach a threshold concentration at the reinforcing steel, corrosion of the reinforcement begins. The moment ca pacity of the slab is reduced due to area loss of the top rein forcing steel. In this time-dependent study, a variable of inter est is the corrosion initiation time T I , which is the amount of time between the application of the surface chloride and the onset of corrosion (which occurs when the critical chloride concentration C cr is reached). The corrosion initiation time T I can be expressed as (Thoft-Christensen et al. 1997) where D I = initial diameter of the reinforcing bar (in mm); C corr = corrosion coefficient, which for this study is estimated to be C corr = 0.0203; and i corr = parameter related to the rate of corrosion (i.e., mean corrosion rate = 0.0203 � 2.49 mm/year = 0.0506 mm/year). Based on the mean value and standard deviation for the chloride initiation time for the concrete deck, Fig. 7 shows the mean A and standard deviation �(A) for the ¯ area of the top reinforcing steel A in the deck over a 70-year time period. The graph can clearly be divided into three regions: (1) The initial flat region where there is a high cer tainty that corrosion has not begun; (2) a second portion where there is uncertainty about whether or not corrosion has been initiated; and (3) a third steeper region where it is very likely that corrosion has begun. With the predicted increase in live load and the expected bridge deterioration defined for any point in time, the system reliability of the bridge can be com puted at any point in time.
REPAIR CRITERION AND REPAIR OPTIONS
The repair criterion is based on the reliability of the bridge system rather than the reliability of any individual component. In this study, the minimum allowable (i.e., target) system re liability of the bridge is prescribed as � min = 2.0. Anytime the system reliability of the bridge � sys falls below the target value, the bridge must be repaired or replaced.
Given the existing bridge and deterioration models, six re alistic options and their 1996 costs were developed in consult with the Colorado Department of Transportation. Using expert opinions from unpublished interviews, historical cost data for actual bridge repairs (Colorado 1994 (Colorado , 1995 , and the actual original cost of the bridge ($393,000 in 1942) , the options and costs are shown in Table 4 , along with the failure functions g(i) affected by the option considered. Option 1 is to replace the entire deck, which would include the concrete slab, side walk, guardrails, and a fresh layer of asphalt. Option 2 is to replace the exterior, including interior-exterior girders that are deteriorating faster than the interior girders. This option in cludes replacement of four girders, sidewalk, guard rails, and only that portion of the slab above the replaced girders. Option 3 is the same as Option 2 except that the entire deck is re placed. Option 4 is to replace all nine girders and the entire deck as described in Option 1. Finally, Option 5 is to replace the entire bridge.
OPTIMUM REPAIR STRATEGY
An optimum repair strategy can be developed by using all feasible combinations of the options listed in Table 4 . Option 2, for example, was not a feasible alternative, because replac ing the exterior girders did not bring the system reliability of the structure above the target reliability level. The various op tions are tried until replacement of the bridge is the only re maining option. For any specified service-life extension of the bridge, an optimum strategy is determined. The repair criterion � min = 2.0 is applied to Bridge E-17-AH using the simplified series-parallel model shown in Fig. 3(a) , where the correla tion between the girder resistances is � R i ,Rj = 0.5. Fig. 8 shows the effect of repeatedly replacing the slab (Op tion 1). The dotted lines show the reliability with respect to each of the nine different failure modes considered in Fig. 3(a) , and the solid line is the reliability of the bridge system over time. The top graph shows the system reliability and the re liability of the girders with respect to shear. The shear girder reliabilities are initially very high, but the rapid deterioration of the web area causes the reliabilities of the exterior and in-terior-exterior girders to drop quickly. After about 40 years, the reliability of these girders with respect to shear is below the reliability of the system. This occurs because of the parallel nature of the system model. Because any three adjacent girders must fail for the bridge superstructure to fail, the interior gird ers that are not deteriorating as quickly are contributing to maintain the reliability of the system above the target level.
The middle graph in Fig. 8 shows the system reliability along with the reliability of the three types of girders with respect to moment. The interior girder has the lowest initial reliability, but it has the slowest deterioration rate. In fact, there is a crossover point around 60 years where the reliability of the interior-exterior girder becomes less than that of the interior girder.
The bottom graph in Fig. 8 shows the system reliability and the component reliabilities of the slab, pier cap, and column footing. These components are all in the series portion of the system model and will therefore always reflect reliabilities that are higher than the reliability of the system. The reliability of the column footing dictates the reliability of the system in the early life of the bridge. The column footing was assumed to have negligible deterioration relative to the rest of the bridge. Its reliability remains almost constant throughout the life of the structure and only drops due to increased live load. The drop in system reliability later in the life of the structure is due to the deterioration of the concrete slab. The pier cap is not deteriorating as quickly because the surface concentration of chlorides was not as high and only the exterior portions of the reinforcing stirrups are corroding. Fig. 8 demonstrates that the bridge reliability depends on the series-parallel model of the system and the deterioration of its components. The component with the lowest reliability may not be the most important component and does not nec essarily control the reliability of the system. Also, the most important component early in the life of the structure may not be the most important during the later periods. It is difficult to predict the reliability of the system even if the reliabilities with respect to the occurrence of all failure modes are known, and therefore, a repair strategy based solely on component reliabilities would most likely be inefficient.
The bridge system is evaluated every 2 years and is repaired whenever the system reliability � sys falls below the target level. The only component being repaired is the slab, which gets replaced at years 50 and 94. The slab is repaired again at year 106, but the repair does not cause the system reliability to rise above the target level, at which point some repair other than replacing the deck must be made.
The same analysis is completed for the case of Option 4 (see Table 4 ) for all girders and the deck as shown in Fig. 9 . In this example, all nine girders and the entire deck are being replaced whenever the system reliability index falls below the target level. In fact, everything except the pier cap and column footings are being replaced. Surprisingly, this has little effect on the system reliability relative to replacing the slab. The girders and the deck are both replaced at years 50 and 94. The only difference is that the system reliability does not fall below the target level until year 108 instead of year 106. It appears that replacing the girders and the deck would be a waste of money and resources, relative to replacing the deck only.
The optimum repair strategy as a function of the desired service life extension of the bridge can be found from Fig. 10 , where all feasible options and their associated costs are con sidered. The costs are computed using the 1996 costs listed in Table 5 , discounted over time and using a discount rate of 2%. The present value cost C PV , for example, of replacing the deck at year 50 is computed as
PV n 50
(1 � r) (1 � 0.02) 1@50, 1@94 = Option 1 (replace deck) at year 50 followed by Option 1 (replace deck) at year 94.
where C rep = cost of the repair option as shown in Table 4 ; r = discount rate; and n = number of years in the future when the repair will be made. Fig. 10 shows that Options 1, 3, and 4 yield the same life extension (i.e., from 50 to 94 years), but for very different costs. As indicated, Option 1 is the most economical. There fore, for subsequent interventions, Options 3 and 4 for the initial repair were eliminated from consideration. Option 2 was Fig. 3(c) not considered because it did not improve the system reliabil ity of the bridge above the target level. The process was con tinued until there was no choice but to replace the bridge. The optimum lifetime repair strategy based on Fig. 10 is summa rized in Table 5 . It is unrealistic to believe that one would choose a more expensive repair strategy just to obtain two extra years of service life (i.e., 106-108 years), but the anal ysis (Table 5 and Fig. 10 ) does reflect Option 1 at year 50, Option 3 at year 94 (1@50, 3@94) instead of Option 1 at year 50, Option 1 at year 94 (1@50, 1@94) as the optimum strat egy for that very small increase in the service life.
The same analysis was applied and optimum repair strate gies were developed for the series-parallel bridge models shown in Figs. 3(b and c) . Figs. 11 and 12 show the strategy options and the associated costs when the failure of any two adjacent girders [ Fig. 3(b) ] and the failure of any girder [ Fig.  3(c) ], respectively, resulted in the failure of the superstructure. Optimum strategies were also developed by varying deterio ration rates (Fig. 13) and discount rates (Fig. 14) . As expected, increased discount rates made the later repairs in the life of the structure more attractive. The assumptions used in devel oping the strategy have a large effect on the outcome. Because the optimum strategy can span over a long period of time, it is essential to verify the validity of these assumptions through inspection and to modify the strategy as necessary.
UPDATING OPTIMUM STRATEGY THROUGH INSPECTION
Bridge inspection is the critically important means for ver ifying assumptions and updating the optimum repair strategy. Inspections provide site-specific information about parameters controlling bridge resistance and loading processes, the valid ity of deterioration models, and the overall condition of the bridge. Predictive strength deterioration and load models are updated with collected site-specific data. Estes (1997) de scribed this process in detail for both visual and NDE inspec tions.
The most common type of bridge inspection is the biennial visual inspection required by law that provides an overall as sessment of the entire bridge. The visual inspections, however, do not usually provide the relevant and detailed information needed to update the reliability of the bridge. Using the actual inspection data from the PONTIS (1995) Bridge Management System for Bridge E-17-AH, Estes (1997) attempted to update the system reliability of the bridge. First, a segment-based in spection (Renn 1995) was needed to identify the location of damage on the bridge. The reliability update was only possible for the girders where the condition states being evaluated were quantified numerically (i.e., percent section loss) and were rel evant to the defect being investigated (i.e., corrosion in the girders). A number of assumptions were needed regarding the distribution parameters of the condition states, the linear de terioration of condition states, and the subjective uncertainty associated with the inspectors conducting the inspection. Some of these assumptions were hypothetical because there were no available data to support them.
A better means for updating the bridge reliability was a series of NDE tests, specifically targeted to provide informa tion on the relevant defects under consideration. In this study, a thickness test of girders was chosen to reveal the amount of section loss due to corrosion on the girders. To reveal the deterioration in the slab, a half-cell potential test was chosen to determine the corrosion initiation time T I in the slab and linear polarization results (Clear 1992; Clemena et al. 1992) were used to determine the rate of corrosion i corr in the slab reinforcement slab. Estes (1997) and demonstrated that with the results of these tests at var ious points in time, it was possible to update and revise the deterioration models, recompute the projected system reliabil ity of the bridge over time, and revise the optimum bridge repair strategy. CONCLUSIONS 1. A system reliability approach to optimizing the lifetime repair strategy of highway bridges was introduced using an existing Colorado highway bridge as an example. With accurate input, the methodology demonstrates real potential for minimizing costs while maintaining a pre scribed level of system reliability. The proposed meth odology accounts for uncertainty associated with the en tire analysis process, failure-mode correlation, and the strength-deterioration process. The bridge is considered as an entire system rather than a collection of individual components. The system approach prevents the reliabil ity of the entire bridge from becoming dangerously low even if all component reliabilities appear satisfactory. Similarly, repairs of individual components can be de layed if the overall reliability of the system is main tained. 2. The proposed system reliability optimization process produces an optimum lifetime repair strategy for initial planning purposes. When a plan attempts to forecast the condition of a structure over 30, 50, or even 100 years, inevitably some of the initial assumptions will be proven to not be precise. Still, a plan based on sound concepts that can be modified as assumptions are verified, is far more useful than no plan or a plan based on faulty logic. It is therefore important for the optimized plan to be updated based on inspection results. 3. There are some limitations to this study, indicating that further research is needed. The analysis has been re stricted to strength-based considerations. Functionality considerations such as roadway width, clearances (hori zontal or vertical), geometrical alignments, and traffic de lays were not considered and will often cause a bridge to be repaired or replaced. The minimum acceptable sys tem reliability was arbitrarily established. A formal anal ysis involving minimization of the expected total cost would ordinarily be required to establish the value of � min . The computations of failure costs are particularly difficult and not well established ). 4. The transition from a hypothetical example to a realistic structural application requires tremendous research sup port. There are many factors including load and strength uncertainties, deterioration prediction models, repair op tions and costs, discount rates, series-parallel system modeling, and inspection capabilities that must be con sidered in the optimization process. Accurate models and supporting data require considerable research effort. This study is representative of the progress that is being made in applying reliability based optimization techniques to real-life bridge engineering applications.
